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(57) Abstract 

Disclosed are methods for reducing polarization mode disper- 
sion(PMD) in single mode fiber by spinning the fiber during the drawing 
process in accordance with a spin function having sufficient harmonic 
content to achieve low levels of PMD for commercial fibers for which 
the beat lengths of the fibers, including the beat lengths of different por- 
tions of the fibers, are available and thus not readily known in advance. 
Ihc spin functions disclosed take advantage of certain resonances in 
energy transfer between polarization modes to achieve substantial re- 
ductions in PMD for a wide range of beat lengths. Examples of suitable 
spin functions include frequency-modulated and amplitude-modulated 
sine waves. 
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OPTICAL HBEROF MODULATED SPIN FOR REDUCED POLARISATION MODE DISPERSION AS 
WELL AS PROCESS AND AM>ARATUS FOR ITS MANUFACTURE 



5 



20 



Cross Referenrp to Related Provisional Application 

This application claims the benefit under 35 USC § 119(e) of U.S. 
10 Provisional Application No. 60/010,376, filed January 22, 1996. 
Background of the Inventip^ 

This invention relates to methods for reducing polarization mode 
dispersion (PMD) in single mode optical fiber. More particularly, it relates 
to reducing PMD over a broad band of fiber birefiingence. 
15 It is well known that the so-called "single mode fiber" that is 

commonly used in communication systems is not purely single mode. 
Rather, two modes, with perpendicular polarizations, exist in single mode 
fiber. See, for example, Dandliker, R.. Anisotropic and Nonlinear Op tir*.! 
Waveguides. C. G. Someda and G. Stegeman (editors), Elsevier, New York, 
39-76, 1992. Mathematically, these two polarizations form an orthogonal 
basis set. Accordingly, any configuration of Ught that propagates through a 
single mode fiber can be represented by a linear superposition of these two 
modes. 

If the fiber is perfectly circularly symmetric in both geometry and 
25 internal and appUed stress, the two polarization modes are degenerate. 
They propagate with the same group velocity and have no time delay 
difference after traveling the same distance in the fiber. However, a 
practical fiber is not perfectly circularly symmetric. Imperfections such as 
geometric and form deformation and stress asymmetry break the 
30 degenerapy of the two modes. See, for example. Rashleigh, S. C, Journal of 
Mghtway^ T^hnp^ogy, LT- 1:312-331, 1983. As a result, the two 
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polarization modes propagate with different propagation constants (p, and 
Pa). The difference between the propagation constants is termed 
birefringence (AP). the magnitude of the birefringence being given by the 
difference in the propagation constants of the two orthogonal modes: 
5 Ap = pi - P2. 

Birefringence causes the polarization state of light propagating in 
the fiber to evolve periodically along the length of the fiber. The distance 
required for the polarization to return to its original state is the fiber beat 
length (Lb), which is inversely proportional to the fiber birefringence. In 

10 particular, the beat length U is given by: 

Lb = 271/Ap (2) 
Accordingly, fibers with more birefiingence have shorter beat lengths and 
vice versa. Typical beat lengths observed in practice range from as short as 
2-3 millimeters (a high birefiringence fiber) to as long as 10-50 meters (a low 

16 birefiringence fiber). 

In addition to causing periodic changes in the polarization state of 
Ught traveUng in a fiber, the presence of birefidngence means that the two 
polarization modes travel at different group velocities, the difference 
increasing as the birefiringence increases. The differential time delay 

20 between the two polarization modes is called polarization mode dispersion, 
or PMD. PMD causes signal distortion which is very harmfiU for high bit 
rate systems and analog communication systems. 

Various attempts to reduce PMD have been made. One prior art 
method of reducing PMD involves spinning the preform during the fiber 

25 drawing process. See, for example, Barlow, et al., Applied Optica 20:2962- 

2968, 1981; Payne, et al.. IEEE Journa l of Quantum Electmninfi 

QE-18:477-487. 1982; Rashleigh, "Fabrication of Circularly Birefiingent 

le Mode Fibers," Naw Technir al Diaplnaurp Rnlly t^ n , 5:7-12, 1980; and 
POT Patent PubUcation No. WO 83/00232. The spinning causes the 
30 internal geometric and/or stress asymmetries of the fiber to rotate about 
the fiber's axis as one progresses down that axis. By performing the 
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spinning during drawing, i.e., when the root of the preform is substantiaUy 
molten, essentiaUy pure rotation is performed on the fiber asymmetries, as 
opposed to a combination of rotation of the asymmetries and the 
introduction of rotational stress as would occur if the fiber were twisted 
5 after having been drawn. For a discussion of the use of twist to reduce 
PMD see, for example, Schuh et al.. Electronics Lettar*^ 31;1172-1173, 
1995; and Ulrich, et al., Applied Qnt^>»B 18;2241.2251, 1979. 

The reduction in PMD produced by spinning is proportional to the 
spin rate. Unfortunately, very high spin rates are generally required to 
10 deal with the asymmetries of typical fibers, e.g., spin rates greater than 
5000 rpm. Spinning a preform at such rates is not a practical solution for 
commercial fiber production. Similarly, spinning the fiber, as opposed to 
the preform, at such high rates is also not particularly practical. 

U.S. Patent No. 6,298,047 (also U.S. Patent No. 5,418.881) to Arthur 
15 C. Hart, Jr. et al. discusses reducing PMD by a relatively low rate spinning 
of a fiber, as opposed to a preform, during the drawing process. However, 
the Hart patent does not recognize that, under certain conditions, 
occurrences of maximal PMD reduction may be achieved. Because the Hart 
patent does not recognize or take advantage of these occurrences of 
20 maximal PMD reduction, the PMD reduction achieved by the method 

disclosed in the Hart patent is not as great as the PMD reduction achieved 
by the methods of the present invention. 

More particularly, the Hart patent discloses a spin rate which varies 
in substantially a sinusoidal manner. That is. Hart's spin rate o as 
25 fimction of distance z along the length of Hart's fiber can be written: 

* ao sin (2nh), (3) 

where oq is Hart's spin amplitude in turns/meter and f is Hart's 

longitudinal fi»quency in inverse meters, i,e., f represents the rate at which 
Hart's spin rate a varies along the length of the fiber. 
30 The term "spin fimction" will be used herein to describe spin rate as 

fimction of distance z. i.e., a(z), or as a fimction of time t, i.e., a(t). the time 
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spin function appUed to a fiber being directly derivable from the 
corresponding distance spin function through the fiber draw rate, which is 
normally constant but, in the general case, can be variable. As discussed 
more fuUy below, the spin fimction employed in producing a fiber, whether 
6 expressed as a function of distance or time, and the resulting spin function 
present in the finished fiber, expressed as a function of distance, are not in 
general identical because of. for example, mechanical effects, e.g., sUppage. 
at the interface between the fiber and the apparatus used to apply the spin 
function to the fiber and/or preform. 
10 Equation (3) above iUustrates this difference in that the Hart patent 

describes its appUed spin function as an oscillation, i.e., a pure sinusoid, at 
either 60 cycles/minute for a draw speed of 1.5 meters/second (curve 60 of 
Hart's Figure 6) or 106 cycles/minute for a draw speed of 3.0 meters/second 
(curve 61 of Hart's Figure 6), while the observed spin function in the fiber 



15 shown in Hart's 




Significantly, 



with regard to the present invention. Hart's deviation from a pure sinusoid 
is not sufficient to achieve the reduced PMD disclosed herein. 

In particular, in accordance with the present invention, it has been 
determined that a sinusoidal spin function is optimal for reducing PMD 
only for certain birefiingence beat lengths, with the particular beat lengths 
for which optimization is achieved being a function of the uq and f values of 
the sinusoidal spin fimction. For other beat lengths, a sinusoidal spin 
function is less than optimum and can be qmte poor. 

Commercial fibers exhibit a wide variety of beat lengths since the 
geometric and stress asymmetries of such fibers vary along the length of 
the fiber and between difGsrent fibers. Accordingly, the substantially 
sinusoidal spin function of the Hart patent at best can only provide 
optimum PMD reduction for some fibers and/or some sections of a 
particular fiber. 

The present invention overcomes this deficit in the Hart patent. It 
does so by providing improved spin fimctions which are not substantially 
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sinusoidal. By means of these spin functions, greater results in terms of 
PMD reduction are achieved than in prior art methods. As just one 
example, through the use of the methods of the invention. PMD values of 
less than 0.1 ps/km** can be achieved for a population of commercial fibers, 
5 e.g., a population comprising 100 fibers, where the members of the 
population, if unspun, would exhibit a range of beat lengths or 
alternatively, a range of PMD values, e.g., PMD values varying between 
fibers by as much as 1.0 ps/km** and varying within a given fiber by as 
much as 1.0 ps/km** for fibers having a length of at least 10 kilometers. 

10 Summary of the Iny<i»^ ^^^n 

In view of the foregoing, it is an object of the present invention to 
provide improved methods for reducing PMD. More particularly, it is an 
object of the invention to provide methods for reducing PMD for fibers 
which exhibit more than one beat length either in a given fiber and/or 
15 between different fibers. 

It is a further object of the invention to provide methods for reducing 
PMD which do not require rotation of a preform. 

It is an additional object of the invention to provide methods for 
reducing PMD which do not involve excessively high spin rates, e.g.. 
maximum spin rates (maximum amplitudes) of less than 10 turns/meter, 
preferably less than 4 turns/meter. 

The invention achieves these and other objects by providing spin 
functions which are: (1) not substantiaUy constant, i.e., they change 
substantially as a function of distance along the length of a fiber 
25 function of time; (2) not substantially sinusoidal; and (3) have sufficient 
variability, e.g., sufficient harmonic content, to provide a substantial 
reduction in PMD for a plurality of beat lengths. 

In the general case, the spin function can, for example, be 
constructed as a weighted sum of sinusoidal components of different 
firequendes, the number of components and their weights being chosen to 
produce an overall fiinction which achieves the PMD reductions of the 
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invention. The spin function can also be randomly generated. In certain 
preferred embodiments, the spin function is a frequency-modulated or an 
amplitude-modulated sinusoidal function, the modulation being sufficient 
to cause the spin function not to be substantially sinusoidal. 
5 By means of the spin functions of the invention, the disadvantages 

and limitations of other methods of reducing PMD are overcome. 

Brief Deamription nf Drawin^rs 

The above and other objects and advantages of the invention will be 
apparent upon consideration of the foUowing detailed description, taken in 
10 conjunction with the accompanying drawings, in which: 

FIG. 1 is a diagram showing spin rate as a function of length when 
the spin function is a straight line. 

FIG. 2 is a diagram showing spin rate as a function of length when 
the spin function is a sinusoidal function having a constant ampKtude and 
15 frequency. 

FIG. 3 shows the results of a complex Fourier analysis of the data 
points associated with curve 60 of Figure 6 of the above-referenced Hart 
patent. 

FIG. 4 shows the results of a complex Fourier analysis of the data 
20 points associated witii curve 61 of Figure 6 of the above-referenced Hart 
patent. 

FIG. 5 shows a hypothetical fiber configuration which achieves 
maximum energy transfer between polarization modes. 
FIG. 6 shows a sinusoidal spin function. 

25 FIG. 7 shows an approximation to the sinusoidal spin function of 

FIG. 6. 

FIG. 8 shows the amount light which a spun section of FIG. 7 couples 
between the fast and slow axes of its adjoining unspun sections as a 
function of spin rate. i.e., it shows coupling resonances as a function of spin 
30 rate. 
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FIGS. 9-12 show representative spin functions which do (FIGS. 9-10) 
and do not (FIGS. 11-12) achieve sufficient variability for use in accordance 
with the invention. Panel A of each figure shows the spin function, and 
panel B shows the results of a complex Fourier analysis of the function to 
5 determine its harmonic content. 

FIG. 13 shows a firequency modulated sinusoidal spin rate as a 
function of length for a fiber prepared in accordance with the invention. 

FIG. 14 is a diagram showing PMD reduction as a fimction of beat 
length. 

10 FIG. 15 is a diagram illustrating the occurrences of maximal PMD 

reduction for a firequency-modulated spin function. 

FIG, 16 is a diagram illustrating the occurrences of maximal PMD 
reduction for an amplitude-modulated spin function. 

FIG. 17 illustrates apparatus which can be used to produce the spin 
15 functions of the invention. 

Detailed Dfta/^wfition of th^ TTfyonfjo^ 

The invention provides a method of reducing PMD by variably 
spinning a fiber during the drawing process. More specifically, this means 
heating a conventional fiber preform to a conventional draw temperature, 
and drawing optical fiber firom the preform such that a spin is imparted on 
the fiber. Preferably, the method involves rotation of the fiber, as opposed 
to the preform. Alternatively, although not preferred, rotation of the 
preform, either instead of, or in combination with, rotation of the fiber, can 
be performed if desired. 

25 While prior art methods also spin the fiber to reduce PMD, the spin 

fiinctions of the prior art were either a straight line function. i.e., a constant 
spin rate, or a substantially sinusoidal spin fimction with a substantially 
constant firequency and a substantially constant ampUtude for the 
sinusoidal function. 

30 FIG. 1 illustrates a straight line spin fimction used in prior art 

methods for reducing PMD. The spin fimction of FIG. 1 may be written as 
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o = OQ- "^^re aQ is the spin amplitude in turns/meter. FIG. 2 illustrates a 
sinusoidal type spin function used in prior art methods for reducing PMD. 
The spin function of FIG. 2 has a constant amplitude and frequency and 
may be written as a = cto 8in(2jife), where, as defined above, uq is the spin 

5 amplitude in tums/meter, f is the longitudinal frequency in inverse meters, 
and z is the position in the fiber. 

As discussed above, the spin functions of the present invention are 
different firom those of the prior art in that they are not substantially 
sinusoidal and they have sufficient variability to provide a substantial 

10 reduction in PMD for a plurality of beat lengths. 

Whether or not a particular spin function is "substantially 
sinusoidal" can be determined by performing a complex Fourier analysis of 
the spin function and comparing the magnitudes of the coefficients for the 
various components of the function determined thereby. The complex 

15 Fourier analysis is performed using conventional techniques well known in 
the art. For example, the analysis can be performed using commercially 
available software such as that sold by Wolfram Research, Inc., 
(Champaign, Illinois) under the MATHEMATICA trademark. 

In accordance with the invention, a spin function is substantially 

20 sinusoidal when the magnitude of the coefficient for one of its oscillatory 
components (the fimdamental component) dominates the magnitudes of the 
coefficients for all other oscillatory components (the secondary components) 
as well as the coefficient for any constant component. In quantitative 
terms, domination occurs when the magnitude of the coefficient for the 

26 fundamental component is at least about three times the magnitude of the 
coefficient for each of the secondary components and the coefficient of the 
constant component. 

FIG. 3 and FIG. 4 show the results of performing a complex Fourier 
analysis, specifically, a finite complex Fourier analysis, on the data points 
30 of curves 60 and 61 of Figure 6 of the Hart patent using the above- 
referenced MATHEMATICA program. For this program, the constant 
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coefiBcient is reported as frequency "1". The substantially sinusoidal nature 
of the Hart spin function is evident from these figures, the magnitude of the 
fundamental component (the "2" frequency) being at least three times the 
magnitudes of all other components for each set of data points. 
5 The analysis of FIG. 3 and FIG. 4 was repeated using the fitted 

curves of Hart's Figure 6, rather than the data points of that figure. The 
fitted curves were digitized and then analyzed using the MATHEMATICA 
program. In this case, the analysis showed even greater dominance of the 
fundamental oscillatory component, with the magnitude of the coefficient 
10 for that component being at least five times greater than the magnitudes of 
all other coefficients. 

In addition to being non-sinusoidal, the spin functions of the 
invention must have sufficient variability to provide substantial reduction 
in PMD for a plurality of beat lengths. The variability of a spin function is 
15 most conveniently examined by determining the spin function's harmonic 
content, again by means of a complex Fourier analysis. 

In accordance with the invention, it has been found that spinning 
abne, whether at a constant or sinusoidal spin rate, will not in general 
produce optimum reductions in PMD for commercial fibers. Rather, the 
spin rate should vary both in magnitude and spatial distribution along the 
length of the fiber to achieve an optimum reduction. When so varied, the 
spinning achieves transfer of energy between polarization modes (mode 
coupling) for a variety of beat lengths. Such energy transfer is highly 
effective in reducing PMD for commercial fibers. 

In contrast to variable spinning, spiiming at a constant rate, while it 
does result in a reduction of PMD, does so without transferring ene^ 
between polarization modes. Sinusoidal spinning or, more generally, low 
variability spinning, can achieve energy transfer between polarization 
modes. However, this energy transfer is highly dependent on beat length, 
being large for some beat lengths and small for others for a given amplitude 
and frequency of the sinusoidal spinning. As a result, the reduction in 



wo 97/26221 PCT/US97/00605 

PMD exhibits resonances, with the reduction being strong only for certain 
beat lengths. As discussed above, commercial fibers exhibit a variety of 
beat lengths which may or may not match the PMD resonances of 
sinusoidal spinning. When the resonances are missed, sufficient reduction 
5 of PMD may not be achieved. 

FIGS. 5-8 iUustrate these aspects of the invention. FIG. 5 shows a 
hypothetical fiber configuration which achieves maximum energy transfer 
between polarization modes. The figure shows cross-sections along the 
length of a polarization preserving fiber, specifically, a fiber with an 

10 elliptical core, where the fiber has been divided into sections of equal 
length, each section being rotated 90« firom the preceding section. 

The fast and slow modes for each section are along the short and long 
axes of the ellipse, respectively. Because each section has been cut and 
rotated by 90% energy firom the fast mode is coupled into the slow mode at 

15 each cut. and similarly energy firom the slow mode is coupled into the fast 
mode. Accordingly, the mode dispersion for each section is exacUy 
compensated for in the next section, resulting in essentially no PMD for the 
entire fiber. The effectiveness of energy transfer between polarization 
modes in reducing PMD is clear fit>m this figure. 

20 The inability of a substantially sinusoidal spin fimction to achieve 

optimum PMD reductions for a plurality of beat lengths can be 
demonstrated with the aid of FIGS. 6 and 7, where FIG. 6 shows a 
sinusoidal spin fiinction and FIG. 7 shows an approximation to such a 
function which provides for a simpler analysis. Specifically, in FIG. 7, the 

25 sinusoidal spin fimction is approximated by a series of unspun and spun 
sections, with the spun sections being of constant ampUtude but alternating 
in spin direction. 



The configuration of FIG. 7 can be analyzed to determine if the spun 
sections act like the cuts of nG. 5, i.e., if they serve to transfer energy 
30 between the slow and fast polarization modes of the unspun sections. If 
such tiransfer occurs, the mode dispersion for each unspun section will be 
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compensated for in the next unspun section. This, in turn, will give the 
fiber an overall small PMD since the unspun sections' contribution to the 
PMD is much greater than that of the spun sections and thus this 
contribution must be reduced if the overall PMD is to be reduced. 

The system of FIG. 7 can be analyzed by means of a Jones matrix to 
calculate the amount of light in the linear polarization modes after light 
traverses an unspun section, followed by a section of constant spin, and 
then another unspun section. The appropriate Jones matrix is as follows: 



10 J = 



a -b* 
b a* 



(4) 



where 



a = cos (gd) cos(ad) + aJg sin(gd) 

+ j APu /g sin(gd) cos(ad) (5) 



b = cos(gd) sin(ad) - a/g sin(gd) cos(ad) (6) 



g = Va^+Aftf 



(7) 



In these equations, o is the constant spin rate of the spun section in 
25 radians/meter and Ap„ is the birefiringence of the unspun fiber in 
radians/meter. 

FIG. 8 shows the resulte of calculations performed using this Jones 
matrix. The figure shows the amount light which has coupled from the fast 
axis in a leading unspun section to the slow axis in a trailing unspun 
section after traversing a spun section. The calculations were performed for 
the spin rates shown in the figure for spun and unspun sections having a 
length of 1 meter and a beat length for the unspim fiber of 1 meter. 

Because this figure shows coupling from fast axis to slow axis, a 
coupling ratio near 1 means that significant Ught has transferred from the 
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fast mode to the slow mode. This, in turn, means that substantial 
compensation will be provided for the dispersions of the unspun sections 
and thus the overall PMD will be low. On the other hand, a coupling ratio 
near zero means that httle light has transferred from the fast mode to the 
5 slow mode and thus compensation will be low and PMD high. 

The resonant nature of the system is evident from FIG. 8. Only 
certain spin rates achieve the desired high coupUng ratios for the chosen 
beat length and section dimensions. Significantly, those dispersion 
minimizing spin rates will be different for different beat lengths and/or 
10 different section dimensions. It is for this reason that a spin function must 
exhibit a high level of variability in order to be optimum for PMD reduction. 
Without such variability there can be no assurance that PMD reducing 
resonances will in fact occur for commercial fibers with their variable beat 
lengths, both within different portions of a fiber and between fibers. 
15 FIGS. 9-12 show representative spin functions which do (FIGS. 9-10) 

and do not (FIGS. 11-12) achieve sufficient variability for use in accordance 
with the invention. Panel A of each figure shows the spin function, and 
panel B shows the results of a complex Fourier analysis of the fimction to 
determine its harmonic content. In particular, panel B shows normalized 
20 amplitudes for the various components where the normalization has been 
performed using the component with the largest amphtude. 

The spin functions of FIGS. 9 and 10 are frequency modulated 
sinusoidal functions described by equation (8) discussed below. The 
parameters of this equation used to produce these figures were: 
25 FIG. 9: = i.o turn/meter, 

{q = 5.0 meter ^ 
fin = 5.0 meter*, 
A = 5.0 meter, 
FIG. 10: ao = i.q turn/meter, 
30 fo = 2.0 meteri, 
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m 

fm = 2,0 meter 
A = 5.0 meter. 

The spin functions of FIG. 11 and FIG. 12 are a square profile and a 
triangular profile, respectively, with a maadmum spin rate and repeat 
5 period, in each case, of 1.0 turn/meter and 1.0 meter, respectively. 

An examination of the frequency spectra of the square and triangular 
profiles shows that only a few low frequency components have normalized 
ampUtudes greater than 0.2. with the ampUtudes of the higher frequency 
components being negligible. These profiles are thus similar to a sinusoidal 
profile in terms of PMD reduction, i.e., in terms of their variability. For the 
two fi^quency modulated profiles, on the other hand, there are many 
firequency components whose normaUzed amplitudes are higher than 0.2. 
These frequency components provide the variabiHty needed for optimum 
PMD reduction for commercial fibers. 

The analysis procedure of FIGS. 9-12 can be used to determine 
whether or not a particular spin function has sufficient variability to 
provide a substantial reduction in PMD for a plurahty of beat lengths. 
Functions Uke the frequency modulated profiles have sufficient harmonic 
content to provide the required variability, while the square and triangular 
profiles do not. Based on these teachings, a person skilled in the art can 
readily determine whether any particular spin function which he or she 
wishes to use wiU or will not be successfid in reducing PMD for a pluraUty 
of beat lengths. 

As discussed above, in certain of its preferred embodiments, the 
method of the present invention spins the fiber during the drawing process 
in accordance with a sinusoidal spin function in which the fi^quency or 
amplitude is modulated. A firequency modulated spin fimction of the 
invention may be written as: 



15 



20 



o(z) = OQ 8in(2n[foz + f^ sin(2nz/A)l), 



(8) 
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where oq is the spin ampUtude in turns/meter, is the center frequency in 
inverse meters, is the modulation frequency in inverse meters, z is the 
position in the fiber, and A is the modulation period. 

For ampHtude modulation, the spin function may be written as: 
5 a(z) = [ao 8in(2irz/A)J 8in(2nfe) (9) 

where A>l/f. f is the spin frequency in inverse meters, and oq 8in(2TO/A) 
represents the modulated ampUtude. where ao is the constant amplitude in 
turns/meter, and A is the modulation period in meters. 

Both frequency and amplitude modulation can be performed if 

10 desired. In so doing, care must be taken that the two modulations do not 
interact so as to create sections of fiber in which the spin rate is essentially 
constant. In practice, either frequency modulation or amphtude modulation 
aUows sufficient variability to be introduced into a spin function to achieve 
a substantial reduction in PMD for a plurahty of beat lengths. Accordingly. 

15 use of these modulations separately, as opposed to simultaneously, is 
preferred, 

FIG. 13 iUustrates a frequency modulated sinusoidal spin function 
observed in a fiber prepared in accordance with the invention. Among other 
features, the spin function of FIG. 13 has multiple maxima Gocal maxima) 

20 which differ from one another in magnitude (compare, for example, the 
maximum near 5 meters with that near 3 meters). In general, the spin 
functions of the invention, whether of the frequency modulation type, the 
ampUtude modulation type, or of some other type, e.g., the sum of sinusoids 
type, are characterized by having at least two maxima which differ from 

25 one another in magnitude (spin rate). 

Similarly, the derivative of the spin fimction of FIG. 13 has multiple 
maxima (local maxima) which difiiBr from one another in magnitude. Again, 
in general, the spin functions of the invention, whether of the frequency 
modulation type, the ampUtude modulation type, or of some other type, are 

30 characterized by this feature. 
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The plot of BIG. 13, which shows spin rate in turns per meter versus 
length, illustrates the final result of preparing a fiber in accordance with 
the invention. It is readily apparent, assuming a constant draw speed and 
a one-to-one correspondence between an applied spin function and the 
5 resulting spin function in the fiber, that the process of the invention, if 
illustrated by spin rate in turns/sec plotted against time, would result in a 
complementary curve. 

A figure like that of FIG. 13 may be obtained for an amplitude 
modulated spin function in which the amplitude of the curve varies between 

10 a minimum and maximum amplitude, for example, between 0 and 4 turns 
per meter. Similar curves may be obtained for other spin fimctions having 
the high variability of the invention. In each case, complementaiy curves 
plotting spin rate in turns/sec versus time can be obtained and will have a 
complementary shape for a constant draw speed. 

15 As will be evident to those skilled in the art, the spin function which 

is employed in the practice of the invention involves varying the spin rate of 
the fiber as a function of time by applying appropriate forces to the fiber 
and/or the preform. Apparatus for applying such forces is discussed below. 
The temporal spin function applied to the fiber becomes translated into a 

20 spatial spin fimction in the fiber as the fiber is being drawn. This spatial 

spin function can be detected in the finished fiber by, for example, 

examining spaced cross sections through the fiber. See Marrone et al., 

QptiW Letters, Vol. 12, pages 60-62, 1987. JIG. 13 was obtained in this 
way. 

25 Certain apparatus which can be used to practice the invention, e.g., 

the apparatus of FIG. 17 discussed below, may not in all circumstances 
achieve a one-to-one correspondence between the applied spin function and 
the resulting spin function in the fiber. However, the correspondence is in 
general good enough to achieve the benefits of the invention and thus, with 

30 regard to the method and apparatus aspects of the invention, the claims set 
forth below are written in terms of the spin function employed during the 
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drawing process even though the relative spin between the fiber and the 
preform, and thus the spin created within the fiber, may not correspond 
identically to the applied spin function. The product per se claims are 
written in terms of the spin function actually observed in the fiber. 
5 The resonant nature of PMD reduction through fiber spinning, as 

well as the advantages of firequency and amplitude modulation, can be 

further demonstrated by examining the ratio of the PMD of spun fiber x to 

s 

that of unspun fiber tq (hereinafter referred to as the "PMD reduction 
factor" or the "RF parameter"): 

RF= tg/TQ. (10) 

FIG. 14 plots the RF parameter as a function of beat length to 
illustrate the improvement in the reduction of PMD obtained by the 
methods of the present invention as compared to prior art methods. 
Specifically. FIG, 14 plots RF as a function of beat length for four spin 
15 functions: (1) a constant spin function of the prior art, where an = 3 

turns/meter (illustrated by a solid line); (2) a sinusoidal spin function of the 
prior art, where uq = 3 turns/meter and f is 2 meter > (illustrated by a 
dashed line); (3) a firequency modulated sinusoidal spin function of the 
present invention (illustrated by a dotted line); and (4) an amplitude 
20 modulated sinusoidal spin function of the present invention (illustrated by 
a dashed and dotted line). 

The parameters for the firequency modulated sinusoidal spin function 
were as follows: 

^0 = 3.0 turns/meter, 
25 fQ ss 4.0 meter^ 

{j^ - 5.0 meter*, 

A = 5.0 meter. 

The parameters for the amplitude modulated sinusoidal spin 
function were as follows: 
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= 5.0 turns/meter, 
f =0.1 meter-^ 
A — 0.5 meters. 

As can be seen in FIG. 14, the frequency modxUated spin function 
5 exhibited a PMD reduction factor of less than 0. 1 at a beat length of 

approximately a quarter of meter. The amplitude modulated spin function 
achieved the same level of PMD reduction at a beat length of approximately 
three-quarters of a meter. By contrast, the constant spin function did not 
obtain a PMD reduction factor of less than 0.1 until the beat length was 
10 approximately 2 meters, and the sinusoidal spin function, while obtaining a 
very low PMD reduction factor at a beat length of approximately a quarter 
of a meter, did not maintain this PMD reduction for longer beat lengths, 
having a PMD reduction factor of only about 0.3 for all beat lengths above a 
quarter of a meter. 

15 Plainly, the modulated sinusoidal spin functions of the invention 

were better than the prior art in achieving low levels of PMD for a variety 
of beat lengths, as is desired. As indicated above, this improvement is 
based on the recognition that occurrences of maximal PMD reduction for 
sinusoidal-type spin functions depend upon three parameters: (1) spin 

20 ampUtude; (2) spin period (frequency); and (3) fiber beat length. Since the 
spin functions of prior art methods have substantially fixed periods and 
amplitudes, these spin function are capable of reducing PMD only for a 
small number of beat lengths. The present invention, in its preferred 
embodiments, varies the amplitude or the frequency of the spin function, 

25 and thus allows PMD reduction over a greater number of beat lengths. 

These effects are further illustrated by FIGS. 15 and 16. When a 
fiber is spun during the drawing process in accordance with a sinusoidal 
spin function having a fixed ampUtude, maximal PMD reductions occur at 
various beat lengths depending upon the firequency of the spin function. 

30 FIG. 16 is a plot of these occurrences, shown as dots, for a fiber spun in 
accordance with a spin function of a = 3 sin {iialK) turns/meter, where the 
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period A of the spin function (which is the reciprocal of the spin frequency) 
is modulated between 0 and 2 meters. 

To achieve a maximal PMD reduction, one needs to spin the fiber at 
a frequency which corresponds to a dot. The locations of the dots, however, 
5 depend upon the fiber's beat length and, in general, the beat length of a 
commercial fiber is not known with high precision in advance. Because the 
sinusoidal spin functions of prior art methods have substantially fixed 
amplitudes and frequencies, only a limited number of "matches" with dots 
are possible. It follows that substantial PMD reduction is limited to a small 
10 number of beat lengths, as is illustrated by the dashed line (pure sinusoidal 
line) in FIG. 14. 

By contrast, the methods of the present invention take advantage of 
these occurrences of maximal PMD reduction by, for example, modulating 
the frequency of the spin function. This allows a greater number of 
15 "matches" with the dots of FIG. 15. At each frequency where matching 
takes place, there is substantial PMD reduction at the corresponding beat 
lengths. This allows substantial PMD reduction over a large number of 
beat lengths, as is illustrated by the dotted line (frequency modulated line) 
in FIG. 14. 

20 A similar analysis may be made for an amplitude modulated spin 

fimction. FIG. 16 illustrates occurrences of maximal PMD reduction at 
various beat lengths as a fimction of the amplitude of the spin function for a 
spin function defined by: 

a = OQ sin(27t2/0.6) (U) 

25 where oq. the amplitude of the spin function, is modulated between 0 and 6 

turns/meter. As in FIG. 15, the occurrences of maximal PMD reduction are 
shown by dots. 

When the amplitude of the spin function "matches" the amplitude at 
which there exists an occurrence of maximal PMD reduction, the PMD is 
30 substantially reduced at the corresponding beat lengths. Because the 
sinusoidal spin functions of prior art methods have substantially fixed 
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amplitudes and frequencies, only a limited number of "matches" are 
possible. It follows that substantial PMD reduction is limited to a small 
number of beat lengths, as is illustrated by the dashed line ^ure sinusoidal 
line) in FIG. 14. 

5 By contrast, the methods of the present invention take advantage of 

these occurrences of maximal PMD reduction by modulatiag the amplitude 
of the spin function. This allows a greater number of "matches" with the 
amplitudes at which there are occurrences of maximal PMD reduction. At 
each of these amptitudes where matching takes place, there is substantial 
10 PMD reduction at the corresponding beat lengths. This allows substantial 
PMD reduction over a large niimber of beat lengths, as is illustrated by the 
dotted and dashed line (amplitude modulated line) in FIG. 14. 

Any apparatus which is capable of spinning the fiber during the fiber 
drawing process and is also capable of varying the frequency and/or 
15 amplitude of the spin may be used to carry out the methods of the present 
invention. FIG. 17 is a reproduction of FIG. 4 of the above-referenced Hart 
patent, where rollers 1912 and 192 are part of the guide mechanism of a 
draw tower. The Hart patent describes producing the spin functions of 
Hart's FIG. 6 by sinusoidally oscillating the axis of roller 1912 through 
angle 28', the oscillation of the axis producing a spin in the fiber as a result 
of dynamic fidction between the fiber's outer surface and the surface of the 
roller. As described above, Hart's spin functions have insufficient 
variability to achieve the benefits of the present invention. 

The present invention can be practiced using apparatus of the type 
shown in the Hart patent by varying 6' as a function of time while holding 
the firequenpy of oscillation constant to achieve amplitude modulation or by 
holding 0' constant and varying the frequency of oscillation as a function of 
time to achieve frequency modulation. Other spin functions which follow 
the teachings of the invention can be practice in an analogous manner. 

Apparatus other than that shown in FIG. 17, e.g.. the other types of 
spinning mechanisms discussed in the Hart patent or similar apparatxis 



10 



25 



wo 97/26221 ^ PCT/US97/00605 

now known or subsequently developed in the art, can be used in the 
practice of the invention. See. for example. Arditty et al.. U.S. Patent 
4.509.968. which describes apparatus for rotating a fiber about its axis as it 
is being formed. See also commonly assigned and copending U.S. 
5 applications numbers 60/012,290 (filed February 26. 1996 in the name of 
Robert M. Hawk) and 60/015.298 (filed April 12. 1996 in the names of 
Robert M. Hawk. Paul E. Blaszyk. William R. Christoff; Dan E. Gallagher. 
WilUam J. Kiefer. Danny L. Henderson. Ming-Jun Li. Daniel A. Nolan, and 
Glenda R. Washburn), which are entitled "Method and Apparatus for 
Providing Controlled Spin in Optical Fiber" and "Method and Apparatus for 
Introducing Controlled Spin in Optical Fibers", respectively. In general 
terms, the spinning apparatus, however constructed, will include fiber- 
contacting means for applying a spimiing force to a fiber, e.g.. a roller, and 
drive means for moving the fiber-contacting means in a non-sinusoidal 
spatial pattern as a fimction of time. e.g.. a computer-controUed drive motor 
and associated mechanical linkage for defining the motion of the fiber- 
contacting means. 

Additional mechanisms for practicing the methods of the invention 
will be evident to persons skilled in the art from the disclosure herein, e.g.. 
mechanisms for non-sinusoidal spinning of a preform, when such preform ' 
spinning is used alone or in combination with applying a spinning force to a 
fiber. See. for example, PCT Patent PubUcation No. 83/00232 referred to 
above. 

The foregoing sets forth improved methods and apparatus for 
reducing PMD. Although particular illustrative embodiments have been 
disclosed, persons skilled in the art will appreciate that the present 
invention can be practiced by other than the disclosed embodiments, which 
are presented for purposes of illustration, and not of hmitation. and the 
present invention is limited only by the claims that follow. 



15 



20 



wo 97/26221 PCT/US97/00605 

-21- 

What is claimed is: 

1 . A method for making an optical iBber comprising: 

(a) heating a fiber prefonn to a draw temperature; 

(b) providing a time varying spin function; and 

(c) drawing optical fiber fi'om the prefonn while simultaneously employing 
the time varying spin function to create a relative spin between the optical fiber and the 
preform; 

wherein the time varying spin function: (i) is not substantially sinusoidal; and (ii) 
has sufficient variability to provide a reduction in polarization mode dispersion for a 
plurality of beat lengths. 

2. The method of Claim 1 wherein the time varying spin function has at 
least two maxima which differ torn one another in magnitude. 

3. The method of Claim 1 wherein the time varying spin function has a 
derivative with respect to tiine which has at least two maxima which differ from one 
another in magnitude. 

4. A method for making an optical fiber comprising: 

(a) heating a fiber preform to a draw temperature; 

(b) providing a time varying spin fiinction; and 

(c) drawing optical fiber fi^om the preform while simultaneously employing 
the time varying spin function to create a relative spin between the optical fiber and the 
preform; 

whierein the time varying spin function is a fi^equency modulated sinusoidal 
function. 

5. A method for making an optical fiber comprising: 

(a) heating a fiber prefonn to a draw temperature; 

(b) providing a time varying spin function; and 

(c) drawing optical fiber fi'om the preform while simultaneously employing 
the time var^g spin fiinction to create a relative spin between the optical fiber and the 
preform; 

wherein the time varying spin fiinction is an amplitude modulated sinusoidal 
function. 



wo 97/26021 PCr/US97A 

-22- 

6. A method for making an optical fiber comprising: 

(a) heating a fiber preform to a draw temperature; 

(b) providing a time vaiying spin fiinction; and 

(c) drawing optical fiber from the preform while simultaneously employing 
the time varying spin function to create a relaUve spin between the optical fiber and the 
preform; 

wherein the time vaiying spm function has a frequency spectrum which 
comprises at least three components which have normalized amplitudes of at least 0.2. 

7. The metiiod of Claim 6 wherein the frequency spectrum comprises at 
least five components which have normalized amplitudes of at least 0.2. 

8. The method of Claim 6 wherein the frequency spectrum comprises at 
least ten components which have normalized amplitudes of at least 0.2. 

9. The method of Claim 1, 2, 3, 4, 5, or 6 wherein the maximum amplitude 
of the time varying ^in function is less than 10 turns/meter. 

10. The method of Claim 1 , 2, 3, 4, 5, or 6 wherein the maximum amplitude 
of the time varying spin function is less than 4 tums/meter. 

11. A single mode optical fiber made by the method of Claim 1, 2, 3, 4, 5, or 

6. 

12. A single mode optical fiber having a longitudinal axis and a spin function 
which is observable in the fiber and which for at least a portion of the fiber varies as a 
function of distance z along said axis such that die spin function: (i) is not substantiaUy 
sinusoidal; and C") has sufficient variability to provide a reduction in polarizatiori mode 
dispersion for a plurality of beat lengths. 

13. The sin^e mode optical fiber of Claim 12 the spin function has at least 
two maxima which differ from one another in magnitude. 

14. The single mode optical fiber of claim 12 wherein the spin fiinction has a 
derivative with respect to z which has at least two maxima which differ from one 
another in magnitude. 

15. A single mode optical fiber having a longitudinal axis and a spin fiinction 
which is observable in die fiber and which for at least a portion of the fiber varies as a 
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fijnction of distance along said axis such that the spin function is a frequency modulated 
sinusoidal function. 

16. A single mode optical fiber having a longitudinal axis and a spin function 
which is observable in the fiber and which for at least a portion of the fiber varies as a 
function of distance along said axis such that the spin function is an amplitude 
modulated sinusoidal function. 

17. A single mode optical fiber having a longitudinal axis and a spin fiinction 
which is observable in the fiber and which for at least a portion of the fiber varies as a 
function of distance along said axis such that the spin function has a frequency spectrum 
which comprises at least three components which have normalized amplitudes of at least 
0.2. 

18. The single mode optical fiber of Claim 1 7 wherein the firequency 
spectrum comprises at least five components which have normalized ampUtudes of at 
least 0.2. 

19. The single mode optical fiber of Claim 17 wherein the frequency 
spectrum comprises at least ten components which have normalized amplitudes of at 
least 0.2. 

20. The single mode optical fiber of Claim 12, 13, 14. 15, 16, or 17 wherein 
the fiber exhibits reduced polarization mode dispersion in comparison to a 
corresponding fiber which is unspun. 

21. The single mode optical fiber of Claim 12, 13, 14, 15, 16, or 17 wherein 
the fiber has a polarization reduction factor- which is less than 0.2 for beat lengths 
between 1.0 and 2.0 meters. 

22. The single mode optical fiber of Qaim 12, 13, 14, 15, 16. or 17 wherdn 
the maximum amplitude of the spin function is less than 10 turns/meter. 

23. The single mode optical fiber of Claim 12, 13, 14, 15, 16, or 17 wherein 
the maximum amplitude of the spin function is less than 4 turns/meter. 

24. A population of spun single mode optical fibers comprising at least 100 
fibers, each of said fibers exhibiting a polarization mode dispersion of less than 0. 1 
ps/km\ wherein the members of the population, if unspun, would exhibit a plurality of 
polarization mode dispersions either between different fibers or between different 
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seciions of a fiber, the range of said plurality of polarization mode dispersions being at 
least 1.0 ps/km^ for fibers having a length of at least 10 kilometers. 

25. The population of Claim 24 wherein the range of said plurality of 
polarization mode dispersions is at least l.S ps/km^. 

26. Apparatus for creating a relative spin between an optical fiber and a 
preform during the drawing of said fiber firom said preform, said apparatus comprising: 

(a) fiber-contacting means for applying a spinning force to the fiber, and 

(b) drive means for mo^nng the fiber-contaaing means in a non-sinusoidal 
spatial pattern as a fiinction of time. 

27. The apparatus of Claim 26 wherein the non-sinusoidal spatial pattern 
comprises the time varying spin function defined in Claim 1. 2. 3, 4, S, or 6. 

28. The apparatus of Claim 27 wherein the maximum amplitude of the time 
varying spin fiinction is less than 10 turns/meter. 

29. The apparatus of Claim 27 wherein the maximum amplitude of the time 
varying spin function is less than 4 tums/mcter. 
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FIG. 10A 
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